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Two strategies are examined in this paper to improve the spherical harmonic
representations of the Martian gravitational field. Continuous observatiorm  over a
week-long data arc and a 30-th  degree gravitational field are &ssunled for analysis.
In the first  strategy, it is proposed to obtain Doppler data from the Mars Observer
spacecraft at the two Russian tracking stations at Ussuriysk  and Yevpatoriya
and at the C;erman station at Weilheim,  in addition to the Deep Space Network
(DSN)  stations at Go]dstone,  Canberra and Madrid. In the second strategy,
satellite-tosatellite  (S1’S) I)oppler  tracking data is exclusively obtained on the
relative velocity between two satellites in orbit around Mars in the high-low
configuration. For analysis, the Mars Observer spacecraft in the low-orbit is
paired with the high-altitude Navigation or Cornniunications  Relay Satellite(s) of
anticipated future missions. RMS errors in the power spectra of the gravitational
field are reduced by about a factor of 2 with tracking data from 6 stations as in
the first strategy (instead of only the 3 DSN stations) and by nearly a factor of 5
for the second strategy with exclusively S~’S  tracking data. Meter-level geoidal
uncertainties resulting from observations with only I)SN stations, are reduced to
about 25 cm with 6 stations participating in tracking the Mars Observer satellite.
With the superior performance of STS tracking, geoidal  errors at 5 centimeters
or below can be obtained.

I N T R O D U C T I O N

An accurate knowledge of the Martian gravitational field is very essential especially for
the navigation of low-altitude reconnaissance satellites, which will play a vital role in our
continued efforts for the exploration of Mars, Sn)ithl C( al., and Esposito2’3  provide art cx-
ccllcnt introduction to the current status of the knowledge of the Martian gravitational field
and the need for further in~provcments. Scientific data. can be more accurately interpreted
with improved navigational accuracy for the observational satellites,
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Geological and geophysical studies on the internal structu]c  of Mars as well  as the intcmal
clistributio]l  of density a]lomalics due to variations ill te]npcraturc  and colnposition,  will be
significa]lt]y  facilitated if the planetary gravitational field call  be determined accurately. A
~)recise  and dc.tailed descriptio]l of the gravity fielc{ will be very helpful ill identifyillg  “froml
mbits” about the planet for deploying low-altitude satellites.

g’ill  recently, au 18-th degree and order spherical harmonic field pub]ishccl by llalmino4
and co-authors ill 1982, provided the highest resolution for the hlartiall gravity field ~vith
a half wavelength of about 600 km. ‘J’he ]Ialmino  field was derived from tracking clata
obtained from h~arinm 9 and the Viking 1 and 2 orbiters. I,ilnitatio]Ls  due to computational
resources available at that, time, diminished the accuracy and resolution of the field ancl
hence its usefulness for many applications] . Smith] and co-authors have just published
a 50-th degree spherical harmonic model, called GMhI-1 (Goddarcl  Mars h40dcl-1 ), for
the Martian gravitational field, derived from 1100 days of coherent 2-way IIopp]er  clata in
the S-band (2.2 GI17,)  obtaincxl  by the NASA l)ecp  Space Network (l)SN1)  stations from
h4ariner 9 and the Viking 1 and 2 orbiters, during the period from 1971 through 1979,
IJesidcs  the better spatial resolution of about 200-300 km (half wavelength), the Gh4h4-1
gravity model] “represents satellite orbits with considerably better  accuracy” and “shows
greater resolution of identifiable geological structures”. Although the Gh4h4-1  model is
derived from essentially the same tracking data, the authors have taken advantage of the
availability of better computers, in]proved analytic techniques and more accurate knowledge
of the measurement process and the forces on the spacecraft, in obtaining the 50-th dcgmc
and order gravita.tiona~  field.

q’he Mars Observer mission currently in progress will provide an outstanding oppor-
tunity to refine the gravity model even further. lhring  the gravity calibration phase, the
h4ars Olmmwr  spacecraft will be in a low-altitude (378.1 km), near-circular orbit (eccen-
tricity, c = 0.004) with a nodal precession rate of 0.524° per day and an orbital period of
approximately 117 min. The spacecraft is in a. near-polar orbit and the ground-track will
almost repeat after every 88 orbits ( 7 sol repeat cycle). With  the cent inuous ‘2- way coherent
X-band tracking data (both Doppler and range) to be obtained by all three DSN stations
at Goldstone,  Canberra and Madrid, the accuracy of the gravity field will be in~lirovcd
tremendously with the GM M-I model providing the a priori  values,

in this context, two different. strategies to furth~r  improve the gravitational field have
bccIi examined and the preliminary results of the analysis are presented in this paper.
q’bc first  strategy calls for continuously tracking (with Doppler data) the Mars Observer
spacecraft for a period of 1 to 3 weeks, not only from the three I)SN stations, but also fron~
the two llussian  deep space network stations at lJssuriysk and Yevpatoriya  and the German
tracking station at ll~eilhcim. q’he total “saturation” coverage provided by the 6 tracking
stations contributes to significant improvement in detcr]nining  the gravity field.

in the second strategy, satellite-to-satellite (Sq’S) l)opp]er  tracking data is obtained oll
the relative velocity between two satellites in orbit arc)uncl  h4ars in the ‘high-low’ configura-
tion and the gravity field is rec.ovrmd. ‘1’he hiars Observer spacecraft serves as the satellite
in the low-altitude (380-430 km) orbit. l’he Navigation Satellite (N AVSAT) discussed in
ltcf. 5, in a near-circular orbit (nominally, c = O), with a semi-major axis of 16860 km and
at an inclination of 50° (near-frozen orbit) serves as the ‘(high satellite”. Since the realtive
velocity between the high and low satellites is derivecl  esse]ltially from the nigh frequency
gravitational harmonics, extremely interesting results are obtained in this case. g’he Con~-
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munication  Relay Satellites discussed ilk l{ef. 6, will also be quite acceptable candidates for
the high-altitude satellite(s).

GRAVITY FIELD IJE’I’ERM1NATION

l’ro]n standard tcxts7@  and referencesl’2, it may be smn that the IJoppler  signature
from a spacecraft in orbit around Mars contains information on the spherical harmonic
expansio]l c.oeflcicnts for the planetary gravitational field. llcnce  determining the gravity
field sill]~~ly  reduces  toal)roblel]~  of~)arar]lcterc  stil~latiol]il]  s]jacecra.ftlla  vigatio]].  Software
for orbit detmnination  a]ld covariallc.e studies form the primary tools for analysis discussed
in this paper. l’or the sake of brevity, the analytic details ill the above references are not
re})cated  here.

IIoth  strategies outlined in the introduction for clctermining the Martian gravitational
field with greater accuracy, were evaluated by covariance studies with computer simula-
tions. The L13XUS9  software was used in both cases for consistency, since it more readily
accomtnodated  multiple spacecraft and satellite-to-satellite (S’1’S) tracking data.

Several cases have been considered for the “saturation coverage” of the. Mars Observer
(hf O) spacecraft being tracked by the six deep space network stations with international
collaboration. The simulations were carried out with 2-way and 3-way Doppler tracking
data obtained continuously for a week on 4 different occasions when the MO orbital plane
was at an inclination of 24°, 44°, 57° or 89° to the pla]le-of-sky  (1’0S). For instance, the
approximately ‘face-on’ view-geometry of 24° between the MO orbital plane and the plane-
of-sky is expected to occur around April 23, 1995. l’he near ‘edge-on’ view-geo]netry  with
an inclination of 89° is anticipated about May 15, 1994. ‘I’he 1-week period from March 15,
1996 corresponds to the case with an orbit inclination (to }’0S) of 44°. l)uring  the week
of October 25, 1995, it is a]~ticipa.ted  that MO orbital plane will be inclined at 57° to the
pla~Le-of-sky.  Apart from the view-geometry just discussed, the station rise-set periods for
observation from the tracking stations and the occultation of the spacecraft by Mars also
differed from case to case. I)ue to these reasons, nearly 59000 data points (simulated) were
available for the l-week period in May 94, whereas 97,000 data points were processed in the
simulation for the 1-week period in April 95. All these details have Lecn taken into account
in the computer simulations.

In general, a one-week data arc was investigated in each case, consistent with the 7-sol
repeat cycle of the Mars Observer satellite. IIowever, the information matrices pertaining
to the cases for May 94, April 95 and March 96 have also been combined to examine the
advantages to be derived from 2-week and 3-week long composite data arcs, The details
for such cases will be specifically described in each instance when the pertinent results are
discussed.

As the computer simulations were carried out with the 6 deep space network stations
tracking the Mars Observer, in most instances the gravitational field was also evaluated with
radiometric  data only from the three NASA l)eep Space Network (DSN)  stations or from
the 3 DSN stations and the two Russian stations oIlly. q’hc results for these various cases
are discussed at the end specifically bringing out the advantages of including the Russian
and German stations for observation.

As for the second strategy with STS tracking data, only one case has been studied, g’he
nolninal  trajectory of the Mars Observer spacecraft from April 23, 1995 was considered as
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the low-altitude satellite ephemeris for the entire  data sl)an  of 1 to 3 weeks. ‘1’he  Navigation
Satellite orbital paranleter  sarcgiven  at theend in’1’ahlel.  2’11e Navigation  Satellite  in the
high-altitude orbit  (with a sen~i-lnajor  axis of 16860 km) is much less sensitive to the high

“ 10 had confirmed the advantagesfrequency gravitational harmonics. Approximate analys]s
in rec.ovcring  the high frequency gravitational field frc)ln the relative velocity Imtwccn  two
satellites in the “high-low” configuration. ‘1’herw was no attempt made to optimize the
~)hasillg  bctwcwn the IIigh and low satellites,

}3STIMATION  P R O B L E M

At the outset it was decided to restrict the scope of the analysis only to evaluate the
rcla.tive  merits  or advantages of the several cases and strategies. l’or a prelim i nary effort, t ILe
total number of parameters was limited to a thousand (or even lower) in order to minimize
the delnand  on computer resources and to examine whether soIne reasonable C,ollc]usions
can be drawn in a relatively short time.

IIence  the Martian gravitational field was limited to a truncated 30-th degree and order
spherical harmonic expansion; it was derived from a preliminary version of the Ghlhl-]
model, known also as the MGM-635  model, by truncating the 50-th degree (and order) field
to the 30-th degree. ‘l’he zonal and tesseral  harmonic coefficients for the 30-th degree and
order gravitational field work out to 957 unknowns for the parameter estimation problem.
‘l’lie  GM-value (the planetary gravitational constant) for h~ars was estimated also.

l’or Mars Observer, the spat.cc.raft state and drag-coeflcient  were estimated also. in
all, for the navigation problem of simply tracking the hiO from the 6 deep space network
stations, there were 965 parameters to be estimated, comprised of the 957 gravitational
harmonic coefficients, the GM-value for hfars,  the position and velocity of the spacecraft (6
parameters) and the drag- cocfl  icient for the. satellite in the low-altitude orbit. It lnust  be
remarked that no other error sources were taken into account in the al[alysis  by computer
simulations. ‘l’he major error sources not col Isiderecl for analysis are the station location
errors, clock errors, ionospheric and tropospheric corrections to the observations, uncer-
tainties in the solar pressure model, gas leaks or random accelerations and errors in the
earth-Mars ephemerides. It is fully understood and conceded that the fina~ error statis-
tics on the gravitational field obtained in this analysis will be far too optimistic; however,
relative colnparisolls  of the diflerent  cases a.lld strategies are expected to be substantia~ly
correct.

Wllcn satellite-to-satellite (S’I’S)  tracking data is obtained  as for the second strategy,
the position and velocity of the NAVSAq’ in tllc high-altitude orbit were added to the list
of estimated parameters, contributing to a total of 971 unknowns.  It is anticipated that the
NAVSAg’ or any other c.orrespolldin,g high-altitude satellite (such as the Communication
llelay  Satellites) will carry  an ultra-stable oscillator of superior characteristics and com-
puters sufficiently fast that it will generate the. navigation signals to be transmitted to the
hflars Observer and process the returned signals on-board the satellite. The instantaneous
diflercllccd-l)  oppler  data from a clee~} space network station on the earth to the two satellites
in orbit around Mars will be an alternate il~~l)le]~~el~tatiol~  of the same strate~v.  Ilowevcr,
this as~)ect  will not be discussed any further in this ])a~)er.

The square-root filter o})tion has been chosen for analysis
software. Also, it is assumed that a priori  no information is
gravitational cocillcients.
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in order to esti]nate  the accuracy with which the 30-th degree and order gravitatiollal
field can be rccovcrcd in the different cases, l)oppler  data froln tile hlars  Observer space-
craft  was scheduled at 20 second intervals continuously during  the week(s) -long data arc,
whenever the spacecraft was visible at the dec]) space llctwfork station or at the Navigation
Satellite as appropriate. Corresponcli]lg  to the half wavelength of about 355 km for the
30-tll  degree field, the sampling interval of 20 seconds ensured that there will be nearly 5
data points in each spatial half wave, with the spacecraft traveling at about 3.4 km/s.

It sliould be remarked that only the NASA Deep Space Network stations at Goldstone,
Canberra and hladrid  can transmit navigation signals to the h4ars Observer spacecraft and
receive also. The tracking stations at IJssuriysk,  Yevpatoriya  and Weilheim can operate
only in the receiving mode and hence they actually participate only in the “3-way l)opp]er
data” acquisition mode, IIowevcr,  since tlIe NASA trackiug  stations continuously cover
the spacecraft over each 24-hour cycle without any break  (except for occultations), the
view-periods of all stations are fully covered with 2-way ancl/or  3-wray I)opp]er  data.

Since the analysis is considered only preliminary, the lninimum elevation angle for
cutting off data was taken  to be 4° to eltsure continuous coverage across the tracking
stations, The low cut-off angle provides approximately similar conditions for comparison,
w’ithout any tremendous eflcmt to modify the data arc in each case to accommodate changes
which are not considered significant for ana]ysis.

Most of the discussions in this paper will be restricted to 2-way and 3-way Doppler data
only, when deep space network tracking stations arc involved. All l)oppler  data, whether
2-way or 3-way, have been weighted at 0.1 mm/s for estimation.

So far, it has not been mentioned that sa.mc-beam  interfcrometrics  (SB1) data was also
considered in the analysis, Any discussion of S111 data was so far avoided, essentially to
focus attention on the more significant contribution from l)oppler  data in the recovery of
the Martian gravitational field, However, in most cases, whenever there was an overlap
of tracking stations  for the chosen baselines, same-beam interfcrometric.  (S1]1) data was
also obtained and considered for analysis. T h e  Goldstone-Canberra,  Goldstone-Madrid,
h!ladrid-Ussuriy  sk, Goldstone-Ussuriysk  and the Madrid-}’evpatoriya  baselines were taken
illto consideration. Throughout every overlap of the two tracking stations on each baseline,
S111 data was obtained at 20 second intervals and the data was weightedll  112 at 0,001
mm/s. It will be remarked that same-beam interfm-omctric data did not appear to improve
the results for gravitational field in any significant manner.

When examining the second strategy, satellite-to-satellite l)oppler  data. was obtained
at 20 second intervals (for the same reasons as earlier outlined), whenever the two satellites
could communicate to each other without being occulted. Since the two spacecraft are not
likely to be more than 21,000 km apart, in the absence of interference due to solar plasma
and media errors as for data received at the tracking stations on the earth, the data weight
for satellite-to-satellite l)oppler  data was taken to be 0.01 mm/s. Essentially continuous
coverage was assumed for the entire  data arc of 1 to 3 weeks, except for outages due to
occultation. Doppler data from the two satellites were obtained at the DSN stations at
10 minute intervals, to impose some realistic constraints on the spacecraft states for the
estimation problem.
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q’hc X-band transponder on the hlars  Observer s])acecraft  receives IIavigation signals
at 7.16 Gllz and returns them back to the earth at 8.42 GIIz. llcmce  the weights attributed
to the cliffcrcnt types of data in the paragraphs above, may be considered quite realistic.

CRITERIA FOR RELATIVE MERIT  ltVAI,lJATION

‘lThe relative merits of the different cases and strategies examin~d here to determine the
hlartian  gravitational field, can be evaluated by various measures. For instance, correlating
the surface features or topography to the gravity field as well as predicting the trajectory of
a spacecraft in orbit around the planet are two (by now almost standard) li~ca~rcs  which
have bec]l  considered in l{eferences  1 and 4. In this paper, however, the relative merits of
the several cases are discussed by presenting  comparisons of the 1 -cr values of the ,geoidal
uncertainties (in meters) plotted as contours over the Martian latitude-longitude landscape.
Also, the root-mean-square (RMS)  errors (or uncertainties) in the the gravitational ~)ow’er
spectra are comparatively examined for dependence on data type., data arc. length, view-
geometry and station coverage.

GEOII)AL lJNC13RTAlNTIIW

The ground-tracks of the Mars Observer spacecraft (or more precisely the sub-satellite
~,oints  on Mars) at the data points when 2-way IJo])plcr  data only are obtained just at
the I)SN stations, are plotted in Figure 1, for the week-long data arc from the 23rd to the
30th of October, 1995. The corresponding results on geoidal errors (1-u values) expressed
in meters, are shown in Figure  2, as contour plots on the latitude-longitude plane. Some
simple observations are readily made, Due to occultation, the coverage is relatively sparse
in the equatorial region in comparison to the regions at high latitudes. Correspondiligly
areas of n~aximum  geoidal  uncertainties of the order of 65 cm may be observed at 150° W
longitude at about 0°- 10“N latitude. in fact, the two gaps in the coverage west of 120°W
longitude in l’igure 1, are almost precisely reflected in the large geoidal  uncertainties in
the contour map in Figure 2. The coverage is dense at northern latitudes above 30” N, but
only at latitudes below 50°S. Correspondingly the line at latitude 40°S indicates a geoidal
uncertainty value in excess of 35 cm, while at the 40° N latitude line, the gcoidal  errors
remain  close to about 32 cm. It is not to be misconstrued that gaps in coverage will always
be attendant with large  values in geoidal  errors. For instance, the 50-55 cm peaks in geoiclal
errors near the equatorial region at 60°1;  and 10OOE longitude (Fig. 2), are not matched by
any gap(s) in the coverage seen in l’i.gure  1.

l’or the same week in October 1995, the “ground-track” coverage at data points with
all 6 deep space network stations tracking the Mars ohservm  satellite with 2-way a~]d 3-way
])opplcr  data is shown in Figure 3 and the corresponding contour plots of the geoidal erros
(1 -u values in meters) are presented in l’igure 4, It may be observed that the coverage
is more uniform and dense in Figure  3 in co]nparison  to I’igure 1. Correspondingly, the
maximum geoidal uncertainties are at about 40 cm as against 65 cm for the earlier case,
as seen from Figures 4 and 2 respectively. l’urthermore,  the gradual or gentle sloping of
the contours in Figure 4 in contrast to the steep peaks in }1’igure  2, is indicative of the
advantage derived from superior coverage obtained with 6 stations tracking the satellite as
against only the three DSN stations providing the coverage in Figure  1. It is of interest to
note t}lat  54,835 sub-satellite points are mapped onto l’igure 3, in contrast to the 24,548
])oints  ill Figure 1.
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The geoidal uncertainties obtained with 1 week of satellite-to-satellite Doppler tracking
between the Navigation Satellite and the Mars Observer spacecraft are shown plotted in
l’igurc 5. It is very interesting to note that the maximum l-a value of the geoidal error is
less than 5 cm and at the high latitudes, it is at or below 2 cm. In this case, at the high
southern latitudes, the geoidal error is smaller than at the corresponding high northern
latitudes and this is essentially due to the accidental phasing of the initial conditions of the
two satellites. It is also interesting to note that a total of about 23,333 W’S data points
were obtained over the one-week period of observation, in contrast to the 54,835 points from
the 6 deep space network stations on the earth over the 1 week period in October 95 just
discussed earlier. The result is clearly indicative of the superiority of satellite-to-satellite
observations in determining the high-frequency gravitational field.

Besides these three cases just discussed above in detail, several others have also been
exa.mil[ed for geoidal errors. In general, the various cases pertain to the 4 different l-week
periods of observation from the tracking stations On the earth (such as May 94; April 95;
October 95; March 96). Hence each is associated with a specific plane-of-sky view-geometry
as already discussed in the section on “gravity field de.terrnination”.  The various cases are
further characterized by the data types included for analysis; such as “DSN 2-way data
only” or “DSN 2-way and 3-way data”, where the acronym “DSN” strictly refers to the
NASA Deep Space Network stations at Goldstone,  Canberra and Madrid (just as elsewhere
throughout this paper). ~’he third data type category consists of 2-way and 3-way I)oppler
data obtained at all the 6 tracking stations (including the two Russian stations and the
German station in addition to the DSN).  q’herefore, there are twelve different cases, each
uniquely associated with a specific period of observation and types of data considered for
analysis.

Besides these twelve cases, the information matrices of the week-long observations
during May 94 and March 96 were combined to examine the results from the composite 2-
week data arc, for DSN 2-way and 3-way data as well as for 2-way and  3-way data obtained
at all 6 tracking stations. Similarly, a composite data-arc for 3 weeks including the data
from May 94, March 96 and April 95 has been analysed  with the participation of all 6
tracking stations (2-way and 3-way I)opplcr  clata included).

As for satellite-to-satellite (S’I’S) tracking, data spans of 1, 2 and 3 weeks have been
examined. The view-period and view-geometry associated with earth-based observations
are not relevent  in this case. The phasing between the two satellites is important, but its
irlfiuence  has not been studied. ‘1’he Mars Observer satellite was tracked from April 23,
1995 continuously for a period of 3 weeks with I)opplcw  data from the Navigation Satellite
with the initial conditions given in Table 1,

Results on geoidal uncertainties for the various cases described above are presented in
Table 2 at the end. l’he  actua~ entries for the errors are 1-u values, but averaged over the
whole latitude-longitude plane evaluated at grid points at 2° intervals.

It is easily seen that tracking from 6 stations with 2-way ancl  3-way I)oppler  data results
in an improvement of about 20Y0, 26%, 29% ancl 31’% over tracking from only the 3 I)SN
stations with the same data types for l-week data. arcs during October 95, March 96, May
94 and the composite 2-week data arc comprised of the May 94 and March 96 observations,
llence  it is felt that tracking from 6 stations must be preferred for determining the high
frequency Martian gravitational field.
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It is also seen that the near “face-on” geometry during the week of April 23, 1995 with
96,816 data points (from 6 stations) results in an average geoidal error of 16 cm, while the
corresponding value is 15 cxn for observations during  May 94, with the “edge-on” view-
geometry, but with only 58,835 data points. In fact, except for the composite data-arcs, the
edge-on view-geometry results in the lowest average gcoidal error as seen from the entries
in the 3rd row of Table 2. l’his  implies that the edge-on geometry clearly provides superior
information in the observations compared to others.

I’he composite data-arcs indicate lower values of average geoidal errors, as seen by the
entry of 8 cm for the 3-week data arc. However, it is likely that 3 weeks of observations
centered about May 15, 94 would have resulted in a lower geoida]  error value than the 8 cm
for the composite 3 week data-arc.

It is interesting to note that the addition of thousands of Same Beam Interferornetric
(SH1) data points from 5 different baselines earlier described, did not contribute to any
further reduction in the geoidal errors from the values already obtained with just 2-way
and 3-way Doppler data at the 6 tracking stations during the same view-periods (April 95
and  May 94). It was verified that errors in the spacecraft state were, however, reduced
with the addition of S131 data. Some sensitivity studies have been carried out with different
data weights, but so far the results indicate that interferometric  data do not contribute
significantly to the determination of the gravity field.

It may be mentioned that many of these cases have been examined with the Weilheim
tracking station excluded from observations. IIowever,  the results are substantially unal-
tered from their values for geoidal errors as seen in the entries in the third row of Table 2,
corresponding to observations with six tracking stations.

The average geoidal  uncertainties obtained with satellite-to-satellite (ST’S) tracking
data are given in the last row of Table 2. It is extremely interesting to note that the geoidal
errors may be limited to a few centimeters at the worst  and in particular, such remarkable
results are obtained with as few as 23,000 data points in comparison to the 59,000 and
97,oOO observations necessary with 6 stations on the earth tracking the Mars Observer
satellite. It must be remarked that when ST’S data is considered for analysis in this paper,
the gravitational field is recovered exclusively from S“1’S data only.

RMS  ERRORS IN MARS GRAVITY SPECTRA

‘ In addition to the geoidal uncertainties resulting from errors in the spherical harmonic
expansion coefficients of the Martian gravitational field, the root-mean-square errors in the
power spectra of the gravity field have been determined to evaluate the relative merits of
the two strategies under consideration. For purposes usecl in this paper, the RMS error in
the Mars gravity spectra is given4 b y

C7n(c)  = {mim)(>o[~’(ctl?)l) +-a’(snn,)])}’ (1)

corresponding to the n-th harmonic degree. C’nnt and Sn ~, in the above equation are the
cosine and sine series spherical harmonic expansion cocllcients  of the Mars gravity potential
corresponding to the n-th  degree and of order m. mz(C’nw) denotes the variance in Cnmt
and correspondingly, oQ(Snnt  ) represents the variance in Sn,n.
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This definition is consistent with equations (2) through (4) in Ref. 4. a~(c)  denotes the root-
mean-square error for the n-th degree, with c introduced to denote error spectral analysis,
In Figures 6 through 9, the RMS error, an(c)  is plotted against the harmonic degree, n for
the various cases.

From Figure 6, it is seen that with 6 stations tracking the MO spacecraft, the rms
uncertainty corresponding to degree n, is approximately reduced by 5070,  when compared
to the results from IISN tracking only. This reduction in RMS errors is manifest not only
for the case shown in Figure 6 (corresponding to October 25 through November 1, 1995
view-period), but for all the 4 different cases examined.

In Figure i’, the RMS error spectra corresponding to different view-periods are com-
pared to examine the influence of view-geometry in determining the gravity field. Just as
already discussed in the case of geoidal errors, the “eclge-on” view-geometry is seen to give
the best results, closely followed by the “face-on” configuration for observation.

Results on RMS error spectra with different data spans are shown in Figure 8, along
with the results for the case with STS data for gravity field determination. Except for the
curve for STS data, the other 3 curves correspond to observations with 2-way and 3-way
Doppler data from all 6 tracking stations. The advantage of longer data-arcs is clearly seen;
but the more striking feature is the reduction in error spectra with STS data, by nearly a
factor of 5 over what otherwise is obtained with the best coverage provided by deep space
network stations on the earth. l?inally, from Figure 9, it is seen that a further improvement
by a factor of 2 can be obtained by extending the period of observation with S’J’S data to
3 weeks instead of 1.

REMARKS AND CONCLUSION

It was already stated that several major error sources were not taken into consideration
in the foregoing analysis, particularly when Doppler data is obtained at the deep space net-
work stations on the earth. Hence it is quite unlikely that the results discussed above will
be valid in terms of absolute values; however, the relative merits of the different cases and
strategies as seen from the simulation results are considered to be substantially correct. At
least for circular orbits, it seems that observations with “edge-on” view-geometry will pro-
vide more accurate determination of the gravity field. Saturation coverage from 6 stations
is preferable to data obtained at a few stations only. Satellite-to-satellite Doppler tracking
i% indeed, significantly superior to earth-based observations for determining the Mars grav-
ity field, Although in the analysis, the gravity field was truncated to the 30th degree, the
results are likely to follow the same trend for higher degree and order representations also.
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Table  1. S a t e l l i t e  Orb-ital  Paranletcrs

——— ..— — .—. -—— . . . .. ——. ——— .——. —. ——.. .-. —____ ._

Parameter hlars Observer NAVSAT
_—— — —. .—— —... —. . . ..-—. — --—— .-— _

%mi-major axis - a, km. 3766.16 16860.16

Eccentricity - e 0.004049 0.0 (circular)

Inclination - i, cleg 92.87 50.0 (near-frozen orbit)

NCKIC - ~, dC~ 165.26 150.0

Arg. of Pcriapsis - w, deg -90.0 -90.0
Tinlc at Pcriapsis - tP, scc 0.0 0.0

Epoch 23-APR-1995  00:00:00 23-APR.-1995 00:00:00

~_ —.. -— -. —..—— — _ _ _ _ _ —.
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Table 2. Average Geoidal  L’ncertainties

(Averaged la Values in meters)

(Data Weight: Doppler  data -0.1 mm/s:  STS data - ().01 mm/s;  SBI  data - ().()()1 mm/s)

Epoch Ott 25, 95 Mar 1.5, 96 Apr 23, 95 May 15, 94

Data Arc 1 week 1 week 1 week I week 2weeks 3weeks
-MO orbit
Incl to POS 57° 44° 24° 89° (44°, 89°) (44°,  89°, 24°)

DSX  2-way (2w)
Data only

w
DSX  2-way L
3-way (3w) Data

6 Tracking
Stations*
2W + 3W

6 Tracking Stns
2W ~ 3 W + S B I

STS D a t a

0.32
(24,54s)4

0.30
(3~.217)

0.24
(,j4,fj35)

—

—

o.32
(22,364)

0.27
(30,643)

0.20
(60,067)

—

—

— (3.25 — —
(19,516)

— (j.z~ 0.16 —
(2s,3ss)

0 .16 0.15 0.11 0 .08
(96,s16) (5s,s35)

0.16 0.15
(141,5?57) (S5,6S2) - -

0 .03 — 0 .02 0.01
(z~,sss)

* Includes: 3 DSX Stations 2WL3W: 2 Russian Stations 3w; 1 German Station 3w.
+ Entfies  ~it,hjn ~arentheses indicate the tota,I nlnnber of data. PO;~.ts for t-he ~Zl~e..
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